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The operational lifetime of a radio-frequency~rf! ion source is generally governed by the length of
time the insulating structure protecting the antenna survives during exposure to the plasma. Coating
the antenna with a thin layer of insulating material is a common means of extending the life of such
antennas. When low-power/low-duty factor rf excitation is employed, antenna lifetimes of several
hundred hours are typical. When high-power,.30 kW, and high-duty cycles,;6%, are employed,
as is the case of the Spallation Neutron Source~SNS! ion source, antenna lifetime becomes
unacceptably short. This work addresses this problem by first showing the results of microanalysis
of failed antennas from the SNS ion source, developing a model of the damage mechanism based
on plasma-insulator interaction, using the model to determine the dimensional and material
properties of an ideal coating, and describing several approaches currently under way to develop a
long-lived antenna for the SNS accelerator. These approaches include thermal spray coatings,
optimized porcelain enamel coatings, refractory enamel coatings, and novel antenna geometries
designed to operate with low rf electric fields. ©2002 American Institute of Physics.
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I. INTRODUCTION

The ion source for the Spallation Neutron Source~SNS!
is currently under construction at Lawrence Berkeley N
tional Laboratory~LBNL !. The source is a rf, multi-cusp
volume-type H2 ion source that employs a helical rf anten
consisting of a copper conductor encased in an insula
porcelain enamel coating 100–200mm in thickness. The
source is required to deliver 35–50 mA of H2 within a 1 ms
macropulse at a repetition rate of 60 Hz over an operatio
lifetime of ;500 h.1 This current requirement necessitat
the use of high rf powers, 30–50 kW, which, when appli
over the duty cycle of 6%, results in a high likelihood
antenna failure within several hours of operation.

Traditionally, little attention has been paid to the det
of the antenna coating and the coating processing since
ceptable antenna lifetimes were easily achieved under m
est source operating conditions. Given the more string
requirements of the SNS and other high power accelera
currently under development, the need to increase our un
standing of the antenna failure mechanism and conceiv
solutions is clear. For several years, P&G Corporation2 has
been manufacturing and distributing porcelain-coated an
nas to several accelerator facilities worldwide. Other ante
protection schemes have been developed3 which include a
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1000034-6748/2002/73(2)/1008/5/$19.00

Downloaded 19 Feb 2002 to 128.3.132.225. Redistribution subject to A
-

g

al

l
c-
d-
nt
rs

er-
of

n-
a

helical quartz tube enclosing a stainless steel or Ti wa
cooled antenna,4 and a cylindrical Al2O3 liner between the
antenna and plasma.5 After considerable experimentation a
LBNL, we have been unable to produce the required2

current with the quartz enclosed antenna and have there
focused our effort on improved porcelain and ceramic co
ings. On the other hand, DESY has had considerable suc
producing;40 mA of H2 for 7000 h at 0.05% duty facto
~60 h equivalent time at 6% duty factor! using an Al2O3

liner.5

II. ANTENNA FAILURE MECHANISM

We have examined a number of P&G antennas that h
failed in service during tests at LBNL. After the antenn
have been run for several hours, 1–4 visible localized da
aged areas or ‘‘hot spots,’’ can be observed on the porce
coating and are oriented in apparently random directions
the damaged area penetrates the entire thickness of the
ing the source no longer produces high-density plasma
the antenna must be replaced. Figure 1 shows a microsc
image, with a magnification of 2003, of a cross-sectiona
view cut through the antenna at a typical damaged reg
The sample was prepared using standard metallogra
techniques of cutting and polishing. Evident in the figure a
the presence of numerous pores throughout the porce
enamel coating. A considerable increase in the size of
pores near the center of the damaged region is also evid
Examination of undamaged regions shows much sma
8 © 2002 American Institute of Physics
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pore size, suggesting that localized temperatures in the d
aged area exceeded the melting point of the enamel com
sition, ;800 °C, causing the pores to coalesce and grow
size. Also, most porcelain enamels and glasses become
trically conductive in the liquid state. Approximately 10% b
volume of TiO2 was also observed in the enamel compo
tion, a common practice employed to give the enamel
opaque appearance.

The SNS ion source antenna operates with rf voltage
;1 kV under normal operating conditions. This potential c
be determined from measured antenna currents of;200 A
and the inductance of the antenna;0.5mH. Since one leg of
the antenna is tied to the plasma chamber, this;1 kV must
appear across the antenna coating insulator and acros
plasma sheath adjacent to the ungrounded leg. A reason
picture of the failure process can be painted as follows
defect or thin place in the coating or a defect in anten
conductor creates a region of locally enhanced electric fi
Positive ions from the plasma will be accelerated into
antenna surface during the negative cycle of the rf wave w
sufficient energy to eject surface atoms~sputtering! and sur-
face electrons~secondary electron emission! if a sufficient
plasma sheath potential is present. This process, being d
by strong capacitive coupling between the rf field and
plasma, and being aided by a flux of ejected particles fr
the ‘‘active’’ spot on the antenna surface, can substanti
heat the surface and produce penetrations in the ant
coating. The critical step in this picture is that the volta
drop across the rf plasma sheath must be sufficient to init
and drive the destruction of the coating. If the electric
properties of the coating were chosen so that most of
potential difference between the plasma and antenna con
tor would appear across the coating rather then the pla
sheath, the likelihood of this type of antenna failure would
greatly reduced if not eliminated.

This approach is embraced by the fusion energy com
nity where coatings employed for the protection of plas
facing antennas used in ion cyclotron resonance freque
~ICRF! heating of fusion devices are designed so that she
voltages are kept as low as possible.6 In fact, the formation
of hot spots and arcs on antenna surfaces in ICRF sys
has been directly attributed to high sheath voltages.7 We will
show in the following section that the very thin antenna co

FIG. 1. Micrograph~magnification: 2003! of a cross section of a P&G-
coated antenna cut through a typical damaged region shown near the c
of the figure.
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ings used in the current P&G antennas~;200 mm! only
partially reduce the sheath potential, offering the coat
little protection from plasma bombardment.

III. SHEATH-INSULATOR MODEL

Here we determine the thickness, dielectric consta
electrical resistivity, and dielectric breakdown strength of t
antenna coating, which are required to reduce sheath po
tials to acceptable values. The approach taken in Ref.
followed very closely with the exception that plasma para
eters of the SNS ion source are used rather then those a
ciated with the fusion plasma. IfDV represents the instanta
neous voltage difference between the plasma and ante
conductor andVs and Vi represent the voltage across th
sheath and insulating coating, respectively, we can write

Vs

DV
5

Vs

Vs1Vi
5

Zs

Zs1Zi
. ~1!

HereZ is the impedance of the sheath or insulating coati
specified by the subscript, which is calculated consider
the capacitive component of the impedance and resistanc
be summed as a parallel circuit,Z215X211R21, following
Ref. 6.

Consider first, the impedance across the insulating c
ing. The resistive component of the impedance across
coating is

Ri5h
d

A
, ~2!

whered is the coating thickness,h is coating materials re-
sistivity, andA is a unit area. The capacitive component
the impedance across the coating can be estimated by

Xi5
1

vC
5

d

e0KvA
, ~3!

where K is the coating materials dielectric constant,v
52p f is the rf angular frequency, ande0 is the permittivity
constant.

To estimate the impedance across the sheath, the sh
thicknessD must first be determined and the customary a
proximation of a collisionless, Child–Langmuir sheath
employed3

D5lDS eVs

kTe
D 3/4

, lD5S e0kTe

nee
2 D 1/2

, ~4!

where ne and Te are the plasma density and temperatu
respectively. The electron density and temperature have b
measured in a source very similar to SNS source and fo
to be 6 eV and;1012 cm23, which have been held constan
for these calculations.8 The capacitive component of the im
pedance across the sheath is then given by

Xs5
D

e0vA
. ~5!

Again, following the analysis in Ref. 6, the resistive comp
nent of the impedance across the sheath can be determ
from power dissipation arguments to be

nter
IP license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp
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FIG. 2. Numerical computation of the
fractional voltage across the plasm
sheath vs the dielectric constantK,
electrical resistivityh, and thicknessd
of the insulating antenna coating. Al
parameters were fixed at ne

51012 cm23, Te56 eV, K512, h
51014 V cm, d51 mm unless varied
in the plot.
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ity,
n-
Rs5
VsmI0~eVs /kTe!

2eAnekTeI 1~eVs /kTe!
, ~6!

whereI 0 and I 1 are Bessel functions and the other symb
have their usual values.

By substituting Eqs.~2!–~6! into Eq. ~1!, a nonlinear
equation inVs can be obtained, allowingVs/DV to be deter-
mined uniquely for a given set of parameters:ne , Te , K, h,
andd. Since this equation cannot be solved explicitly forVs,
a numerical algorithm has been employed to calcu
Vs/DV. Figure 2 shows plots ofVs/DV vs K, h, and d,
holding the other parameters fixed at nominal values ofne

51012 cm23, Te56 eV, K512, h51014 V cm, and d
51 mm, which are typical of porcelain enam
compositions.9 The figure shows that in order to effective
reduce the sheath potential below the sputtering threshold
H on SiO2

10 ~approximate for porcelain! and below second
ary electron multiplication on the surface,11 energies less
than ;30 eV are required. Figure 2 shows that a coat
thickness of;400 mm is required to reduce the sheath p
tential to these values. Note this value is twice as large as
nominal P&G antenna coating thickness. If we consid
lower plasma densities, such as those which might oc
between the turns of the antenna or between the antenna
plasma chamber, even larger values ofd are required to re-
duce the sheath potential. Thus we choose to consider
conservative dimension ofd51 mm for these studies. Th
figure also shows that for 1-mm-thick coatings, the dielec
constant of the coating must be less thanK530 in order to
fully reduce the sheath potential. Figure 2 also shows that
electrical resistivity of the coating needs to be greater t
45 000V cm in order to fully mitigate the sheath potentia
Note: since most porcelain enamels ideally have a resisti
of h;1014 V cm, this condition is easily satisfied.

This design philosophy of carrying essentially the ent
rf voltage across the insulator coating places emphasis
another material and structural property of the antenna c
ing: dielectric breakdown strength. For this example, the
electric strength of the as-prepared coating must be in ex
Downloaded 19 Feb 2002 to 128.3.132.225. Redistribution subject to A
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of ;1 kV/mm. Fortunately, this value is well below the d
electric strength of many high-quality porcelain coatings t
tend to be on the order of 10 kV/mm.9 In practice, structural
defects can reduce this value considerably and we, there
must test~high-pot! antennas submerged in salt water to e
sure that the coating can hold voltages in excess of;1 kV/
mm.

If, as we have shown from an electrical point of vie
thicker coatings are desirable, what are the thermal con
quences of such a change? The temperature gradient a
the coating can be calculated in the normal operating m
of the SNS ion source, not the atypical mode associated w
localized damage to the antenna. At 6% duty cycle, the
erage heat load on the plasma facing portion of the ante
can be calculated to beq;5 W/cm2. In one dimension,
simple conduction theory states that the temperature grad
across the coating isDT5qd/k, wherek is the thermal con-
ductivity of the porcelain or;1 W/mK.9 We see that a tem
perature gradient of only 50 °C develops across ad51 mm
coating. The thermal stress induced by this temperature
dient can easily be handled by most porcelains.9 Damage to
the coating as a result of direct heating by the rf field is le
problematic since the heating is approximately unifo
through the thickness and can be shown to be only;5 W/cm
of antenna length. Heat loads from the antenna condu
can be ignored since it is directly water cooled.

Thus, this electrical analysis has shown the need to
velop antennas with thicker, low dielectric constant, hi
electrical breakdown strength~low porosity! coatings and
that the current generation of P&G coatings is not meet
these conditions. Sections IV–VI detail our efforts to d
velop coatings with these qualities.

IV. OPTIMIZED PORCELAIN COATINGS

We have begun a close collaboration with a local por
lain enamel house, Cherokee Porcelain Corporation~CP!12 to
develop antenna coatings with a higher degree of uniform
lower porosity, greater thickness, and lower dielectric co
IP license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp
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stant compared with the nominal P&G antenna. Figure
shows an example cross-sectional micrograph of a bila
CP coating. The base coat composition has been optim
for mechanical adhesion to the copper, and the porosit
the base coat is intentionally added to reduce the shear st
which results from the large difference in thermal expans
coefficient between copper and porcelain. The cover c
composition has been optimized for high dielectric bre
down strength with a coating density of nearly 100%.
date, uniform coatings have been deposited with a thickn
of ;1000mm ~1 mm! using;10 porcelain spray coat/firing
steps. Antennas prepared in this manner have withstood
tentials of 3 kV applied across the coating, which is the lim
of our power supply used in the saltwater test rig. The
electric constant of the coating has also been reduced
stantially by removal of the TiO2 component in the porcelain
compared with the P&G antennas. An initial test of a C
antenna with a coating of only 300mm of porcelain was
performed at LBNL; the antenna was run in an ion source
6% duty cycle, for over;100 h at 25 kW of rf power with-
out failure. This initial test suggests a significant lifetim
improvement over the P&G antennas, although statistics
needed to verify this. In spite of these good results, fa
cracks are visible in the enamel surface and subsurface
may be problematic: they are formed in manufacture a
likely result from the large mismatch in the coefficient

FIG. 3. Micrograph~magnification: 2003! of a cross section of the bilaye
coating developed by Cherokee Porcelain Corp. The cover coat~top! shows
a very low degree of porosity while the base coat~bottom! shows consider-
able porosity.
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thermal expansion between copper and porcelain. Effort
reduce or eliminate crack formation are currently being p
sued~see Sec. VI!.

V. THERMAL SPRAY COATINGS

Thermal spray technologies, which include plasma sp
and the newly developed high-velocity-oxy-fuel~HVOF!
spray techniques, offer the possibility of depositing ve
dense, arbitrarily thick coatings of highly refractory mate
als, such as Al2O3 , directly onto the antenna.13 Coatings
with a density of 99.5% have been successfully applied
planar copper surfaces and are used for a wide variety
applications.14 Several attempts were made by TST Coatin
Corporation14 to coat the rather complex geometry of th
helical antenna: plasma spray of Cr2O3 and HVOF spray of
Al2O3 on copper antenna bodies. Although, the coatings
peared visually to be of high quality, they failed saltwat
high-pot tests, indicating the presence of substantial o
porosity. They also failed immediately when tested in the
source, and we have abandoned this approach.

VI. REFRACTORY ENAMEL COATINGS

One of the largest hurdles encountered in the pres
porcelain–copper system is the large thermal expansion
match between the metal and the glass coating, which g
erates large thermal stresses during manufacture, resultin
the formation of shallow cracks. A potential replacement
based on a coil of niobium or tantalum coated with a refr
tory seal glass composition consisting of Al2O3 , CaO, and
MgO.15 This materials system is used widely in the man
facture of high intensity discharge lamps and ceramic m
halide lamps. The thermal expansion mismatch in this s
tem is about 131026 cm/cm/ °C, as compared with a dif
ference of about 831026 for the copper-enamel system
This greatly reduces the stresses introduced during manu
ture. In addition, the seal glass systems are compose
much more refractory materials than the porcelain enam
Typical seal glasses melt in the range of 1400 °C, as co
pared with 800 °C for the enamels. At Oak Ridge Nation
Laboratory, we have begun coating experiments on this s
tem.

VII. TRANSVERSE ANTENNA DESIGN

Another approach to reducing the likelihood of anten
coating failure is to reduce the peak rf electric field asso
na
ll
FIG. 4. Mechanical drawing of the transverse anten
designed to operate with low peak rf electric fields. A
dimensions are in cm.
IP license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp
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ated with the antenna by altering the antenna geometr
addition to changing the antenna coating properties.
three-dimensional software, High Frequency Struct
Simulator16 has been used to help design a new ante
shape that operates with a low nominal rf electric field. T
resulting design is shown in Fig. 4 and had the lowest field
the various cases investigated: 2.2 kV/cm without a plas
approximation and 0.56 kV/cm with a plasma approximat
were included in the simulation. These numbers should
compared with simulation of the standard antenna geom
which yielded values of 5.2 kV/cm without a plasma a
proximation and 1.6 kV/cm with a plasma approximatio
Thus, the new design should operate with a peak E-fi
strength a factor of;2–3 lower than the standard antenn
We plan to test this antenna design in an ion source sho
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